Despite encouraging results using lymphocyte function antigen-1 (LFA-1) blockade to inhibit BM and solid organ transplantation rejection in nonhuman primates and humans, the precise mechanisms underlying its therapeutic potential are still poorly understood. Using a fully allogeneic murine transplantation model, we assessed the relative distribution of total lymphocyte subsets in untreated versus anti-LFA-1-treated animals. Our results demonstrated a striking loss of naive T cells from peripheral lymph nodes, a concomitant gain in blood after LFA-1 blockade, and a shift in phenotype of the cells remaining in the node to a CD62L lo CD44 hi profile. We determined that this change was due to a specific enrichment of activated, graft-specific effectors in the peripheral lymph nodes of anti-LFA-1-treated mice compared with untreated controls, and not to a direct effect 
Introduction
Naive T cells become optimally activated via signaling through Ag-specific TCRs and ligation of costimulatory molecules, 1 leading to subsequent proliferation and differentiation. Inhibition of costimulatory pathways is a clinically relevant strategy to inhibiting Ag-specific T-cell responses in transplantation, GVHD, and autoimmunity, resulting in the prolongation of graft survival or a reduction in autoimmune disease. 2 Several biologic therapies have been developed in an effort to modulate costimulation, including CTLA-4 Ig, which competes with CD28 for binding to CD80/86, thus attenuating CD28-mediated costimulation to T cells. 3, 4 In murine models of transplantation, treatment with CTLA-4 Ig resulted in the long-term survival of BM, islet, cardiac, and renal allografts [5] [6] [7] ; however, it failed to significantly prolong allograft survival in nonhuman primates when used as a monotherapy. 8, 9 In recent clinical trials using a regimen including belatacept, a second-generation CTLA-4 Ig molecule, patients demonstrated significantly reduced incidence of nonimmune toxicities associated with calcineurin inhibitor-based regimens, including nephrotoxicity, dyslipidemia, and cardiovascular events, but also exhibited increased incidence and severity of acute rejection episodes. 10 Therefore, additional biologic reagents that could reduce the incidence of rejections might provide a clinically attractive, calcineurin inhibitor-free immunosuppressive regimen for the inhibition of donor-reactive T-cell responses during transplantation.
Lymphocyte function antigen-1 (LFA-1) is an integrin expressed on the surface of T cells, B cells, natural killer (NK) cells, and neutrophils, 11, 12 and binds to ICAM-1, ICAM-2, ICAM-3, and JAM-1. 13 The LFA-1:ICAM interaction is known to play a crucial role in leukocyte binding and trafficking 14 and in greatly increasing the avidity of the T cell:APC interaction at the level of the immunologic synapse, 15 and therefore is crucial for the activation of T cells. 16 LFA-1 is implicated in transendothelial migration of T cells from the blood into the lymph nodes (LNs) via a sequence of rolling, arrest after LFA-1 activation by ligation of chemokine receptors, firm adhesion, and diapedesis. [17] [18] [19] In addition, studies have shown that the LFA-1:ICAM interaction is important for T-cell proliferation and cytokine synthesis, 20, 21 and that LFA-1 stimulation lowers the activation threshold of the T cell to permit both differentiation and activation. 22 Given its critical role in T-cell activation and trafficking, the LFA-1:ICAM interaction is an attractive target for therapeutic blockade in the treatment of autoimmunity, transplantation rejection, and GVHD. A humanized anti-LFA-1 mAb, efalizumab, has been developed for use in moderate to severe plaque psoriasis. 23, 24 Despite the clinical efficacy of this drug, the precise mechanisms underlying its therapeutic potential are still poorly understood. Therefore, understanding the efficacy and mechanisms of LFA-1 blockade is of paramount importance to provide the experimental foundation for the translation of this therapeutic finding into clinical use. Previous studies in experimental models of both BM and solid organ transplantation have demonstrated variable results using anti-LFA-1 mAbs, both alone and in combination with other reagents. [25] [26] [27] [28] [29] [30] [31] Anti-LFA-1 synergized with CTLA-4 Ig in increasing survival and reducing the severity of GVHD after murine BM transplantation. 32 Anti-LFA-1 also resulted in significant prolongation in graft survival in a fully allogeneic model of cardiac transplantation in nonhuman primates. 33 More recently, in combination with either rapamycin or belatacept, anti-LFA-1 conferred allo-islet graft prolongation in nonhuman primates, 34 and pilot studies in human allo-islet transplantation recipients have revealed that LFA-1 blockade (with efalizumab) was effective as part of an immunosuppressive regimen to prevent acute rejection in these patients. 35, 36 Based on these encouraging results in nonhuman primate models and early studies in humans, we explored the mechanisms by which LFA-1 blockade results in prolongation in graft survival in a murine model. We assessed the relative distribution of total lymphocyte subsets in untreated versus anti-LFA-1-treated animals after transplantation, and importantly, specifically assessed the trafficking and effector function of graft-specific T cells using a transgenic model system. Our results demonstrated a striking loss of naive T cells from the peripheral LNs after LFA-1 blockade and a relative enrichment of activated, graft-specific effectors and CD4 ϩ FoxP3 ϩ regulatory T cells (Tregs) in graft-draining LNs after LFA-1 blockade. The resulting increase in Treg:effector T cell (Treg:Teff) ratio led to decreased Teff function and increased T-cell apoptosis, thus diminishing the graft-specific T-cell response and prolonging graft survival. Our results suggest that the differential impact of LFA-1 blockade on naive T cells compared with Teffs and Tregs underlies its ability to inhibit graft rejection after transplantation.
Methods Mice
Six-to 8-week-old adult male C57BL/6 mice and 6-to 8-week-old adult female BALB/c mice were purchased from the National Cancer Institute. TCR-transgenic OT-I and OT-II mice were purchased from Taconic and bred onto Thy 1.1 ϩ backgrounds. Act-mOVA mice were kindly provided by Dr M. Jenkins (University of Minnesota, Minneapolis, MN) and bred in-house. Animals received humane care and treatment in accordance with Emory University Institutional Animal Care and Use Committee guidelines, and the study was approved by the Emory University Institutional Animal Care and Use Committee.
Skin grafting and administration of anti-LFA-1 and anti-CTLA-4 Igs
Full-thickness skin grafts (ϳ 1 cm 2 ) from the dorsal ears or tails of donor mice were transplanted onto the dorsal thorax of the recipient mouse and secured with a plastic adhesive bandage for 5-6 days. Graft survival was monitored by daily inspection, and rejection was defined as the complete loss of viable epidermal tissue. Where indicated, animals received treatment with 500 g of human CTLA-4 Ig (Bristol-Meyers Squibb) or 250 g of rat anti-mouse anti-LFA-1 (mCD11a, M17/4; Bioexpress) on days 0, 2, 4, and 6 after transplantation.
Flow cytometric analysis for Ag-specific T-cell frequency, absolute number, and FoxP3 expression
Mice were killed, and their spleens and axillary and brachial LNs (total of 4) were collected. Tissues and blood were processed for flow cytometry using standard techniques, and single-cell suspensions were prepared. Cells were stained with anti-CD4-PE, anti-CD8-Pacific Orange, anti-CD44-APC, anti-CD69-FITC (all BD Pharmingen), anti-CD62L-PE/Cy7 (BioLegend), and anti-CD43-PE (eBioscience) in BD TruCount tubes. For FoxP3 expression, cells were stained with anti-CD4-Pacific Blue, anti-CD25-APC, and anti-FoxP3-PE (all BD Pharmingen) and processed using the FoxP3 intracellular staining kit (BD Biosciences). Flow cytometric analysis was performed on an LSR II multicolor flow cytometer (BD Biosciences). Flow cytometric data were analyzed using FlowJo Version 8.1 software (TreeStar).
In vitro T-cell stimulation
OT-I and OT-II T cells were stimulated with ovalbumin (OVA) peptide (10nM OVA 257-264 or 10M OVA 323-339, respectively) at 3 ϫ 10 6 cells/well in a 24-well plate in the presence or absence of anti-LFA-1 (100 g/mL). The culture medium consisted of RPMI 1640 medium supplemented with 10% FBS (Mediatech), 2mM L-glutamine, 0.01M HEPES buffer, 100 g/mL of gentamycin (Mediatech), and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (Sigma-Aldrich). Cells were harvested at the indicated times, stained with anti-CD62L PE, anti-CD43-FITC (anti-1B11-FITC), and anti-CD69 APC (all BD Pharmingen), and analyzed by flow cytometry. For apoptosis experiments, in vitro cultures were stained with annexin V and propidium iodide (BD Biosciences) according to the manufacturer's instructions.
T-cell adoptive transfer
Splenocytes from OT-I TCR transgenic mice (Thy 1.1 ϩ ) were prepared and counted, and the frequency of OT-I T cells in the suspension were determined before adoptive transfer. Mice received a single IV injection of 5 ϫ 10 6 OT-I T cells in 500 L of PBS. Mice were killed 9 days after transplantation, and axillary and brachial draining LNs were harvested.
Intracellular cytokine staining
Single-cell suspensions of draining LNs from C57BL/6 mice that had been previously skin grafted with BALB/c donor skin were prepared and incubated in a 96-well flat-bottom plate (10 6 cells/well) along with irradiated BALB/c stimulators (National Cancer Institute mice) and 10 g/mL of brefeldin A (GolgiPlug; BD Biosciences) for 4 hours. Cells were processed using an intracellular staining kit (BD Biosciences) and stained with anti-TNF-PE and anti-IFN-␥-APC (both BD Pharmingen), anti-CD8-Pacific Orange (Caltag Laboratories), anti-CD4-Pacific Blue, and anti-H2K d -FITC (Pharmingen). Flow cytometric analysis was performed on an LSR II multicolor flow cytometer (BD Biosciences). Flow cytometric data were analyzed using FlowJo Version 8.1 software (TreeStar).
Ex vivo annexin V staining
Single-cell suspensions of OT-I TCR-transgenic T cells from the spleens of OT-I ϫ Thy1.1 ϩ mice were prepared. Mice received a single IV injection of 5 ϫ 10 6 CFSE-labeled OT-I T cells, along with syngeneic B6 carrier splenocytes. The following day, mice received full-thickness dorsal ear and tail skin grafts. Where indicated, recipients of skin grafts received 250 g of anti-LFA-1 IP on days 0, 2, 4, and 6 after transplantation. Mice were killed 9 days after transplantation and axillary and brachial draining LNs were harvested. Lymphocytes (5 ϫ 10 5 ) were resuspended in 100 L of 1ϫ annexin V binding buffer (BD Biosciences) and stained with annexin V APC (BD Pharmingen). Cells were then blocked with Fc block (clone 2.4G2) and stained with Thy1.1 PerCP and CD8␣ Pacific Blue (BD Pharmingen).
Statistical analysis
Graft survival was plotted on Kaplan-Meier survival curves and compared by long-rank test. Differences in T-cell frequencies, absolute numbers, surface molecule expression, frequency of cytokine-producing cells, and frequency of apoptotic cells were compared using the Mann-Whitney nonparametric test. Significance was defined as P Ͻ .05. Statistical analysis was done using Prism Version 4 software (GraphPad).
Results
Blockade of LFA-1 results in selective loss of CD4 ؉ and CD8 ؉ T cells from peripheral LNs
As discussed in the Introduction, blockade of the LFA-1 pathway has been shown to synergize with blockade of the CD28 pathway in experimental models of BM and solid organ transplantation 30, 32 (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). To determine the mechanisms by which LFA-1 blockade might impair alloreactive immune responses in vivo, we analyzed the LN and blood cellular composition before and after inhibition of LFA-1/ ICAM interactions during transplantation ( Figure 1A ). B6 mice received skin grafts from fully allogeneic BALB/c donors. On day 9, mice were killed and draining axillary and brachial LNs were harvested and processed for flow cytometric analysis. Compared with untreated mice, both the frequencies ( Figure 1B ) and absolute numbers of CD8 ϩ ( Figure 1B ) and CD4 ϩ ( Figure 1C ) T cells present in draining LNs in anti-LFA-1-treated mice were significantly reduced (P Ͻ .0001). Because LFA-1 antagonism functioned to prolong graft survival only when combined with CTLA-4 Ig, we next investigated whether LFA-1-mediated reductions in the frequencies of CD4 ϩ and CD8 ϩ T cells in draining LNs were also observed in the presence of CTLA-4 Ig. Our data demonstrated that this effect was also observed in mice treated with anti-LFA-1 in combination with CTLA-4 Ig. In contrast, mice treated with CTLA-4 Ig alone did not exhibit a reduction in peripheral LN T-cell frequency or absolute number compared with controls ( Figure 1 ). This effect was T-cell specific, because no differences in the frequencies or absolute numbers of B cells (B220 ϩ ) macrophages (CD11b ϩ ), or dendritic cells (CD11c ϩ ) were observed in anti-LFA-1-treated animals (data not shown). Furthermore, the effect of LFA-1 blockade in reducing T-cell frequencies in peripheral LNs was not because of gross depletion of the cells, because analysis of peripheral blood revealed a T-cell lymphocytosis in anti-LFA-1-treated mice ( Figure 1A-C) . Similarly, no differences were observed in frequencies of splenic T cells in anti-LFA-1-treated mice (supplemental Figure 2) . Interestingly, a similar reduction in the frequency and absolute number of CD4 ϩ and CD8 ϩ T cells was also observed in nondraining LNs of mice not receiving a skin 
MECHANISMS OF ANTI-LFA-1-INDUCED GRAFT SURVIVAL 5853
BLOOD, 24 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 22 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From transplantation (P Ͻ .0001, supplemental Figure 2 ). These results suggest that blockade of the LFA-1 pathway results in a reorganization of the peripheral T-cell compartment in an Ag-independent manner, resulting in a selective reduction of T cells from both draining and nondraining peripheral LNs and a concomitant increase in peripheral blood.
LFA-1 blockade results in decreased CD62L expression on CD4 ؉ and CD8 ؉ T cells in the peripheral LNs
Based on these data demonstrating that blockade of the LFA-1 pathway resulted in a dearth of T cells in peripheral LNs, we hypothesized that this relative reduction could be because of an alteration in the phenotype of T cells such that their trafficking properties were influenced. In assessing the phenotypes of CD4 ϩ and CD8 ϩ T cells in draining LNs of skin-grafted mice, we observed a prominent reduction in the expression of CD62L in mice that were treated with anti-LFA-1 (Figure 2A ). Compared with mice that received no treatment or treatment with CTLA-4 Ig alone, mice that received anti-LFA-1 alone or in combination with CTLA-4 Ig exhibited significantly reduced CD62L expression in both the CD4 ϩ and CD8 ϩ populations (P Ͻ .0001 compared with untreated, Figure 2B ). This reduction in CD62L expression was not observed on either CD4 ϩ or CD8 ϩ T cells in the peripheral blood ( Figure 2B and D) , demonstrating that the effect of LFA-1 antagonism on CD62L expression was not a global effect on all T cells in the treated animals. However, decreased CD62L expression in both the CD4 ϩ and CD8 ϩ T-cell compartments was observed in both the nondraining LNs and spleens of anti-LFA-1-treated animals (P Ͻ .0001, supplemental Figure 3) . Therefore, LFA-1 antagonism functions in vivo to decrease CD62L expression on both CD4 ϩ and CD8 ϩ T cells in secondary lymphoid organs in an Ag-independent manner.
LFA-1 blockade does not act directly to induce CD62L down-regulation
Given the observed changes in cell-surface expression in CD4 ϩ and CD8 ϩ T cells in mice treated with LFA-1 blockade, we sought to determine whether inhibition of LFA-1 signaling acted directly on T cells to reduce CD62L expression. We used a TCR-transgenic system wherein CD8 ϩ OT-I and CD4 ϩ T cells were stimulated in vitro with peptide Ag in the presence or absence of anti-LFA-1. We observed no statistically significant differences in the expression of CD62L, or in the additional markers of activation CD43 or CD69, in the anti-LFA-1-treated cultures compared with untreated cultures (Figure 3 ; P Ͼ .05 for all markers). This was true for both CD8 ϩ ( Figure 3A ) and CD4 ϩ ( Figure 3C ) T cells both in the absence or presence of peptide Ag. Therefore, we conclude that inhibition of LFA-1 signaling did not directly affect regulation of the molecules CD62L, CD43, or CD69.
Activated lymphocytes are preferentially sequestered in Ag-exposed, anti-LFA-1-treated LNs
Our experiments demonstrated that CD62L was down-regulated on T cells remaining in peripheral LNs after treatment with anti-LFA-1, but that LFA-1 blockade did not directly result in CD62L down-regulation. Therefore, we hypothesized that activated Teffs might be selectively retained in the LNs in anti-LFA-1-treated mice, whereas naive T cells were not, resulting in an increase in the frequency of CD62L lo cells. To test this, a transgenic mouse model was used in which activated donor-reactive T cells could be identified and tracked during the course of graft rejection and distinguished from non-graft-reactive naive T cells. Specifically, B6 mice were adoptively transferred with Thy1.1 ϩ OT-I T cells; animals then received OVA-expressing skin grafts that present the epitope recognized by OT-I T cells and were treated with anti-LFA-1. Analysis of the draining LNs on day 10 after transplantation revealed that activated, Ag-specific Thy 1.1 ϩ CD8 ϩ T cells were present at much higher frequencies in the draining LNs of anti-LFA-1-treated mice compared with untreated controls ( Figure  4A-B) . This observed increase in the frequency of Thy1.1 ϩ T cells was specific for activated effectors, as the frequency of endogenous, non-graft-specific Thy1.2 ϩ CD8 ϩ T cells was significantly diminished, rather than increased, in anti-LFA-1-treated animals ( Figure 4F ). We further examined the activation phenotypes of both 
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BLOOD, 24 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 22 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From graft-specific Thy1.1 ϩ cells and non-graft-specific Thy1.2 ϩ cells in mice receiving an mOVA skin graft. These data showed that whereas the expression of CD43, CD69, and CD44 was unchanged in the presence of anti-LFA-1 in both groups (Figure 4C -E,G, and H and supplemental Figure 4 ), CD62L expression was significantly down-regulated on both Ag-specific and non-specific T cells in the presence of LFA-1 antagonism (P Ͻ .0001 for both populations compared with untreated controls). These data therefore further confirm that the impact of LFA-1 antagonism on CD62L expression is an Ag-independent effect. Our data revealed that activated graft-specific T cells were relatively enriched in the peripheral LNs after LFA-1 blockade, whereas non-graft-specific naive CD4 ϩ and CD8 ϩ T cells were relatively excluded. As to how this might this result in prolongation of graft survival, we hypothesized that retention in the LNs might provide an increased opportunity for regulation by Tregs. To test this, B6 mice that received a BALB/c skin graft and treatment with CTLA-4 Ig alone or anti-LFA-1 alone or in combination with CTLA-4 Ig were killed on day 9 after transplantation, and LN-resident and circulating T cells were assessed for intracellular FoxP3 expression. We observed a profound increase in the frequency of CD4 ϩ CD25 ϩ FoxP3 ϩ Tregs in the graft-draining LNs of mice that received anti-LFA-1 alone (P ϭ .0043 vs untreated) or in combination with CTLA-4 Ig (P ϭ .0022 vs untreated; Figure 5A -B). This increase was not observed in the peripheral blood ( Figure 5A -B) or spleen (supplemental Figure 5) , in which similar frequencies of CD25 ϩ FoxP3 ϩ Tregs were observed in all treatment groups. However, a statistically significant increase in CD4 ϩ CD25 ϩ FoxP3 ϩ Tregs was also observed in the nondraining LNs of anti-LFA-1-treated mice compared with untreated mice (P Ͻ .05, supplemental Figure 5 ), indicating that the enrichment in FoxP3 ϩ Tregs in peripheral LNs observed in anti-LFA-1-treated animals is not specific for Ag-draining LNs.
LFA-1 blockade influences cytokine production and increases the ratio of Tregs to Teffs
We next sought to determine the effect of the increased frequency of Tregs on the effector function of the activated, graft-specific CD8 ϩ T cells present in graft-draining LNs. B6 mice were transplanted with BALB/c skin grafts and treated with CTLA-4 Ig alone, anti-LFA-1 alone, or both on days 0 and 2. On day 10 after transplantation, draining LNs were harvested and intracellular cytokine staining was performed. After ex vivo restimulation with BALB/c splenic stimulators, we observed a reduction of the frequency of double-positive TNF ϩ IFN-␥ ϩ producers as a percentage of total remaining CD8 ϩ T cells in animals treated with anti-LFA-1 alone compared with untreated controls or those 
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BLOOD, 24 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 22 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From with animals treated with anti-LFA-1 alone, (Figure 6B ; P Ͻ .05) and more than 10-fold in animals treated with anti-LFA-1 and CTLA-4 Ig compared with untreated animals ( Figure 6B , P Ͻ .0001). Therefore, LFA-1 and CD28 blockade synergize in diminishing the total number of competent cytokine-producing Teffs after transplantation ( Figure 6B ). We also calculated the absolute number of Tregs present in the draining LNs, and compared the ratio of Tregs to cytokine-secreting Teffs between the groups. The results revealed a significant increase in the ratio of Tregs to Teffs in the LNs of animals that received anti-LFA-1 alone (P ϭ .0095 compared with untreated mice) or in combination with CTLA-4 Ig (P ϭ .0043 compared with untreated mice; Figure 6C ).
Teffs undergo apoptosis in draining LNs in anti-LFA-1-treated animals
We hypothesized that the retention of Teffs in LNs in the presence of a higher density of Tregs might lead to an increase in apoptosis in these cells. To test this, we adoptively transferred 5 ϫ 10 6 OVA-specific OT-I T cells into naive B6 mice, which were grafted with OVA-expressing skin grafts and then left untreated or received anti-LFA-1 mAb. Mice were killed 9 days after transplantation, LNs were harvested, and Thy1.1 ϩ CD8 ϩ T cells were analyzed for apoptosis induction by annexin V staining. As shown in Figure 7 , we observed a significant increase in the frequency of annexin V ϩ CD8 ϩ Thy1.1 ϩ T cells in mice treated with anti-LFA-1 compared with untreated controls (P Ͻ .05). These results suggested that the activated Teffs retained in draining LNs in the presence of high frequencies of Tregs were induced to undergo apoptosis there.
To further address whether the observed increase in FoxP3 ϩ Tregs was required for the observed increase in graft-specific effector T-cell apoptosis in the presence of LFA-1 antagonism, we conducted an in vitro experiment to determine whether anti-LFA-1, in the absence of increased frequencies of FoxP3 ϩ Tregs, could affect Teff apoptosis directly. Briefly, OT-I T cells were stimulated with peptide Ag in the presence or absence of LFA-1 for 72 hours, and CD8 ϩ Thy1.1 ϩ T cells were then assayed for apoptosis by annexin V/propidium iodide staining. In this in vitro setting in which we controlled for the frequencies of FoxP3 ϩ Tregs between groups, we failed to observe an increase in apoptotic OT-I Teffs in the presence of anti-LFA-1 ( Figure 7C ). Therefore, we concluded that the increase in apoptosis observed in vivo was not a direct effect of LFA-1 antagonism. No Rx Anti-LFA-1 * Figure 7 . Teffs undergo apoptosis in draining LNs in anti-LFA-1-treated animals. Donor-specific Thy1.1 ϩ OT-I T cells were adoptively transferred into B6 recipients; 48 hours later, mice received an mOVA skin graft and were treated as indicated. Draining LNs were harvested on day 10 after transplantation, and donorreactive Thy1.1 ϩ T cells were stained with annexin V as described in "Methods." (A-B) The frequency of annexin V ϩ graft-specific T cells was higher in anti-LFA-1-treated recipients than in untreated controls (P Ͻ .05). Data shown are gated on CD8 ϩ Thy1.1 ϩ T cells and are representative (A) or a summary (B) of 2 independent experiments with a total of 6 mice per group. (C) OT-I T cells were stimulated in vitro with OVA peptide in the presence or absence of anti-LFA-1 mAb (100 g/mL). Seventy-two hours later, Thy1.1 ϩ CD8 ϩ T cells were analyzed for apoptosis using annexin V/propidium iodide staining for flow cytometry. Results indicated no difference in the amount of apoptosis between the treatment groups either in the presence or absence of Ag. Data shown are an average of 3 wells per culture condition and are representative of 2 independent experiments. Figure 6A ). Indeed, during the 60 days of follow-up, none of the animals treated with maintenance LFA-1 blockade rejected their grafts. To determine whether the T-cell changes observed early after LFA-1 antagonism persisted in these recipients, we compared T-cell profiles in the draining LNs between animals that had been treated with a short course of anti-LFA-1 and anti-CTLA-4 Ig and were rejecting their grafts at the time of killing (day 44) with the T-cell profiles of those that had received a maintenance anti-LFA-1 and had continued graft survival. Results indicated that the frequencies of both CD4 ϩ and CD8 ϩ T cells, the CD62L expression on these cells, and the frequencies of FoxP3 ϩ Tregs in draining LNs of rejecting animals had returned to baseline frequencies, whereas the animals treated with maintenance anti-LFA-1 exhibited persistent changes in their T-cell profiles, including a reduction in CD4 ϩ and CD8 ϩ T cells, reduced CD62L expression, and increased FoxP3 ϩ Treg frequencies in the draining LNs (supplemental Figure 6B -E). These data therefore indicated that the T-cell profile observed in anti-LFA-1-treated animals early after transplantation was no longer present at the time of rejection, and demonstrated that continued LFA-1 antagonism and a persistent increase in the frequencies of FoxP3 ϩ T cells in draining LNs could result in indefinite allograft survival.
Discussion
In the present study, we sought to understand the mechanisms underlying the ability of LFA-1 blockade to synergize with CD28 costimulation blockade in inhibiting graft rejection. Our data suggested that treatment with anti-LFA-1 mAb resulted in a profound reorganization of lymphocyte subsets within peripheral LNs in vivo. Specifically, naive CD4 ϩ and CD8 ϩ T cells were relatively excluded from peripheral LNs, whereas graft-specific activated Teffs and Tregs were found to be relatively enriched in the peripheral LNs after LFA-1 blockade. The ability of LFA-1 antagonism to result in the exclusion of naive T cells from peripheral LNs and enrichment of FoxP3 ϩ T cells was an Agindependent effect, because we observed similar results in nondraining LNs of mice that did not receive transplants. The relative enrichment of these cell types and the resulting increase in the Treg:Teff ratio might allow for increased effectiveness of regulation in vivo, resulting in the attenuation of graft-specific T-cell responses. LFA-1 antagonism also synergized with CTLA-4 Ig to decrease the number of highly competent, graft-specific, multicytokine-producing Teffs after transplantation. Because long-term graft survival was only observed after combined blockade of both the LFA-1 and CD28 pathways, we conclude that this reduction in multi-cytokine-producing effectors may be critical for the prolongation of graft survival in this model.
What is the basis of this differential impact on naive versus activated T-cell trafficking? It is well known that LFA-1 is required for T-cell extravasation into peripheral LNs. [17] [18] [19] Naive T cells rapidly circulate through peripheral LNs and the bloodstream, relying on LFA-1/ICAM interactions for this process. Therefore, blockade of LFA-1 likely results in the relative exclusion of naive T cells from LNs because of their inability to reenter the LNs from the bloodstream. In contrast, our observation that graft-specific Teffs are retained in LNs was likely due to the fact that these cells do not rapidly recirculate but instead remain anchored in the peripheral LNs after Ag recognition and activation due to downregulation of the S1P 1 receptor after activation. 37 One caveat of these data is that the mOVA system is a surrogate model of minor Ag disparity only, and thus may not be fully comparable to a system in which the donor and recipient have complete MHC disparity. Efforts to identify and track endogenous allospecific T cells during transplantation to confirm these findings in a non-TCR-transgenic system of complete MHC disparity are ongoing.
Our results revealed that Tregs were selectively enriched in the peripheral LNs after LFA-1 blockade. These data were somewhat surprising given the fact that FoxP3 ϩ Tregs express LFA-1 at levels similar to those of naive T cells. 38 We interpret these findings to mean either that Tregs do not recirculate through the blood and peripheral LNs as quickly as naive T cells and therefore are not as rapidly affected by the presence of LFA-1-blocking Ab, or that Tregs can rely on some other receptor to gain reentry into peripheral LNs in the presence of anti-LFA-1. The observed increase in the Treg:Teff ratio suggests that the ability of Tregs to suppress Ag-specific T-cell responses may be enhanced. This conclusion is supported by our findings demonstrating that increased Teff apoptosis was not observed when T cells were incubated with anti-LFA-1 in vitro, indicating that the increased frequency of FoxP3 ϩ Tregs may be necessary for the enhanced graft-specific effector T-cell apoptosis observed in vivo. Indeed, numerous studies have shown that the ratio of Tregs to Teffs is a critical determinant of the degree of suppression achieved. 39 However, studies also exist to suggest that LFA-1/ICAM interactions are required for CD4 ϩ FoxP3 ϩ Treg-suppressor function in vitro. 38 Therefore, further studies on the requirement for LFA-1 on Tregs in vivo are warranted.
The results presented in this study suggest that LFA-1 antagonism may function to sequester graft-specific Teffs in the LNs in the presence of a higher frequency of FoxP3 ϩ Tregs. Is this effect sufficient to induce tolerance? Our graft survival data in animals receiving only a short course of LFA-1 blockade would suggest not, and experiments examining the effects of maintenance LFA-1 blockade revealed that longer-term graft survival can be achieved by continuous blockade of this pathway (with CTLA-4 Ig induction). Therefore, these data suggest that LFA-1 antagonism is not tolerance inducing, but merely inhibits accession of T cells to the graft. This notion is supported by a recent report assessing the ability of LFA-1 to inhibit T-cell trafficking into allografts. 40 However, work in nonhuman primates revealed that treatment with anti-LFA-1 and rapamycin resulted in long-term graft-survival of islet allografts even after discontinuation of all immunosuppression. 34 This discrepancy may be explained by the stringency of the model system used in these studies.
While our study suggested that reorganization of the distribution of naive versus activated Teffs after LFA-1 blockade might be one mechanism underlying the observed prolongation in graft survival, there may be additional effects of blockade of the LFA-1/ICAM interaction, including disruption of the immunologic synapse and decreased costimulatory signals. 22 Furthermore, it has been reported that anti-LFA-1-induced long-term graft survival requires the activity of both NK cells 41 and NK T cells, 42 which were postulated to modulate the responses of host immune cells in a perforin-and an IFN-␥-dependent manner, respectively. 41, 42 How do our results fit with these observations? It is possible that the requirement for NK T cell-derived IFN-␥ may potentiate the suppressive capacity of Tregs through indoleamine 2,3-dioxygenase-dependent mechanisms. 43 These activated Tregs, which are present in the LNs at higher frequencies in anti-LFA-1-treated animals, could then mediate long-term graft survival.
BLOOD, 24 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 22 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Understanding the mechanisms by which blockade of the LFA-1 pathway may result in attenuation of Ag-specific T-cell responses is highly clinically relevant, because the use of LFA-1 blockade is being investigated for clinical use in transplantation and potentially for GVHD. 35, 36 Anti-human LFA-1 (efalizumab) was originally developed for use in psoriasis, 23, 24 but 2 recent pilot studies showed utility in preventing graft rejection in patients receiving islet allografts. 32, 35, 36 Unfortunately, further clinical trials in transplantation have been hampered by the fact that 4 cases of progressive multi-focal leukoencephalopathy have been reported in psoriasis patients receiving long-term courses of efalizumab. 44 However, the risk/benefit profile of efalizumab treatment is significantly different in transplantation and GVHD patients compared with that of the psoriasis population.
In summary, our results identify the reorganization and/or sequestration of different T-cell subsets as one potential mechanism underlying the therapeutic effect of LFA-1 blockade in an experimental transplantation model. This finding is a novel purported mechanism of action for anti-LFA-1 mAbs. However, sequestration of activated effectors in the peripheral LNs as a mechanism underlying the attenuation of Ag-specific T-cell responses has previously been described as the mode of action by which the sphingosine 1-phosphate receptor agonist FTY720 inhibits graft rejection. 45, 46 Therefore, further research on maximizing the retention of activated graft-specific effectors in the peripheral LNs, or increasing their frequency of apoptosis there, might increase the effectiveness in inhibiting donor-reactive T-cell responses.
